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Abstract: We compared forest floor depth, soil organic matter, soil moisture, anaerobic 
mineralizable nitrogen (a measure of microbial biomass), denitrification potential, and 
soil/litter arthropod communities among old growth, unthinned mature stands, and thinned 
mature stands at nine sites (each with all three stand types) distributed among three regions 
of Oregon. Mineral soil measurements were restricted to the top 10 cm. Data were 
analyzed with both multivariate and univariate analyses of variance. Multivariate analyses 
were conducted with and without soil mesofauna or forest floor mesofauna, as data for 
those taxa were not collected on some sites. In multivariate analysis with soil mesofauna, 
the model giving the strongest separation among stand types (P = 0.019) included 
abundance and richness of soil mesofauna and anaerobic mineralizable nitrogen. The best 
model with forest floor mesofauna (P = 0.010) included anaerobic mineralizable nitrogen, 
soil moisture content, and richness of forest floor mesofauna. Old growth had the highest 
mean values for all variables, and in both models differed significantly from mature stands, 
while the latter did not differ. Old growth also averaged higher percent soil organic matter, 
and analysis including that variable was significant but not as strong as without it. Results 
of the multivariate analyses were mostly supported by univariate analyses, but there were 
some differences. In univariate analysis, the difference in percent soil organic matter 
between old growth and thinned mature was due to a single site in which the old growth 
had exceptionally high soil organic matter; without that site, percent soil organic matter did 
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not differ between old growth and thinned mature, and a multivariate model containing soil 
organic matter was not statistically significant. In univariate analyses soil mesofauna had to 
be compared nonparametrically (because of heavy left-tails) and differed only in the 
Siskiyou Mountains, where they were most abundant and species rich in old growth forests. 
Species richness of mineral soil mesofauna correlated significantly (+) with percent soil 
organic matter and soil moisture, while richness of forest floor mesofauna correlated (+) with 
depth of the forest floor. Composition of forest floor and soil mesofauna suggest the two 
groups represent a single community. Soil moisture correlated highly with percent soil 
organic matter, with no evidence for drying in sites that were sampled relatively late in the 
summer drought, suggesting losses of surface soil moisture were at least partially replaced 
by hydraulic lift (which has been demonstrated in other forests of the region). 
Keywords: soil organic matter; soil nitrogen; soil moisture; soil arthropods; thinning; 
disturbance; forest management 
Abbreviation: 
df  degrees of freedom  CV  coefficient of variation 
OG  old growth forest  FF  forest floor depth (mm) 
TM  thinned mature forest  AMN  anaerobic mineralizable nitrogen (µg·gdw
 −1)
UM  unthinned mature forest  MAP  mean annual precipitation (mm) 
BD  bulk density (g·mL
−1)  MAT  mean annual temperature (°C) 
DP denitrification  potential (nmol N·g dry mass
−1·h
−1) 
 
1. Introduction 
More than 70% of the original old-growth forest (OG) in the United States Pacific Northwest has 
been lost since EuroAmerican settlement [1]. Wildfire has been and continues to be a factor, but the 
major source of loss in the 20th century was clearcutting and plantation establishment. Conversion of 
complex older to relatively uniform younger forests is known to have endangered at least two bird 
species, and is thought to have put numerous OG-associated species at risk [2]. Near-term impacts of 
clearcutting on soil nutrients and some aspects of soil biology have a long history of research; however 
uncertainty remains concerning significant issues. Although soils store 67% of forest carbon (C) [3], the 
effect of disturbance on mineral soil C in forests is poorly understood [4,5]. Studies have found that 
impacts of both wildfire and logging on soil organic matter are highly variable, largely related to 
disturbance severity but also varying geographically and with soil order [4,6–11]. Fire-related losses of 
carbon from mineral soil are greater in the Pacific Northwest than in other regions of the USA [11], 
and carbon losses related to logging are greater on Ultisols and Inceptisols [10], both of which occur 
extensively in the Northwest [12]. 
Research on the resilience of forest soils following disturbance has largely focused on carbon (C). 
A meta-analysis of logging impacts found that mineral soils had recovered C losses within 20 years [10]. 
In their extensive summary of the published literature, Pregitzer and Euskirchen [13] found higher Diversity 2012, 4    
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median soil C in older than in younger temperate forests, however all age classes and older forests in 
particular were highly variable and age-related differences not statistically significant. An accurate 
picture of resilience must constrain variability, either by following single sites over time, the desired 
approach but with severe practical limitations, or by narrowing environmental differences among age 
classes to the extent possible. Griffiths and Swanson [14] took the latter approach in the central 
Oregon Cascade Mountains, finding that differences between OG and 5 year-old stands in various 
microbiological and chemical properties had largely disappeared by age 40. It is unclear how those 
findings may apply to other areas or other soil attributes. In Alberta some litter dwelling beetle species 
have been shown to occur only in older forests [15,16]. But other studies have found that sensitive 
ground-dwelling beetles benefit from partial harvesting [17,18]. 
In this study we compared soil organic matter (SOM), soil moisture, two measures of nitrogen, and 
mineral soil/forest floor arthropods among 27 OG and either thinned or unthinned younger stands in 
three regions of Oregon. Thinning younger stands has been proposed as a way to accelerate the 
development of OG characteristics and improve habitat for species that depend on structurally 
complex forests [19]. A number of studies have dealt with how thinning affects aboveground 
components of ecosystems, including understory vegetation [20,21], forest structure [22], and 
vertebrate habitat [23–27]. Effects on soils and soil/litter fauna, vital components of ecosystems, are 
less well researched. Our primary objectives address three basic questions. 
●  Do unthinned mature stands differ from OG in any of the variables we measured? 
●  Are thinned stands more or less similar to OG than unthinned stands? 
●  Are differences among stand types, if they exist, consistent among regions? 
Based on [10,14], we hypothesize that unthinned mature stands in the age ranges of the study have 
recovered any forest floor or soil organic matter losses and do not differ from OG with respect to those 
variables. Because of the central importance of organic matter in soil structure and processes [28], we 
expect that other variables we measured will also not differ from OG. With regard to regional variation, 
if any stand type differences do occur we would expect the greatest likelihood to be in the Siskiyou 
Mountains, the driest and least productive region of the study. 
The net effect of thinning on soils and soil fauna, or even if effects are generalizable, are difficult to 
predict. Thinning has multiple potential effects on the soil and forest floor. It is a physical disturbance 
superimposed on a forest that is in some stage of recovery from an earlier stand-initiating disturbance. 
By altering the structure of the forest, thinning has both microclimatic and biological effects, changing 
insolation and wind speed at the forest floor and altering the total amount and diversity of plant carbon 
inputs to soils and litter layers. 
A secondary objective was to examine relationships among the variables. We hypothesized that 
depth of the forest floor and soil organic matter would correlate positively with mean annual 
precipitation (a crude proxy for primary productivity), and that soil moisture at the time of sampling 
would correlate positively with levels of soil organic matter and mean annual precipitation, specific 
curves varying with regions because of different sampling dates. We expected soil microbial biomass 
(measured by anaerobic mineralizable nitrogen) and the abundance of soil arthropods to correlate 
positively with levels of soil organic matter, microbial biomass being sufficiently responsive to also 
correlate positively with soil moisture at the time of sampling. We expected the abundance of soil Diversity 2012, 4    
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arthropods to correlate with microbial biomass, a food web effect, and the abundance of forest floor 
arthropods to correlate positively with depth of the forest floor, a food web and habitat volume effect. 
Many studies have dealt with biotic and abiotic characteristics of soils in the Pacific Northwest, 
however ours is the first of which we are aware that systematically compared soil and forest floor 
variables among OG and thinned or unthinned mature stands across three climatically distinct regions. 
2. Methods 
We sampled nine stands in each of three regions: the Cascade Mountains, the Coast Range, and the 
Siskiyou Mountains. In each region, three stands were sampled in each of three stand types:   
old-growth (OG) (>180 years old) unthinned mature stands, and thinned mature stands. Selected stands 
had to meet several criteria. First, thinned and unthinned mature stands were required to be adjacent 
wherever possible and of the same age—i.e., the same mature stand that contained both thinned and 
unthinned portions. Second, thinning could not have occurred in the recent past; one stand was thinned 
5 years prior to our study, but all others had been thinned at least 11 years previously (range 11 to  
23 years). Third, each thinned-unthinned pair had to have an intact OG either adjacent or nearby and in 
a similar environmental setting (elevation, aspect, slope steepness, and soils), and sufficiently large to 
provide an adequate buffer for samples (discussed below). This last requirement was the most difficult 
to satisfy, as intact OG in close proximity to managed mature stands are not common. Throughout the 
paper we refer to these groups of three stand types as triads and their physical location as a site. Mature 
stands ranged in age from 50 to 120 years, with 6 of the 9 sites less than 100 years, and originated 
from either wildfire or clearcutting. Mature stands in the Siskiyous dated from severe wildfires during 
the late 1800’s, probably set intentionally by miners [29]. In the Cascades and Coast Range, mature 
stands at 5 of the 6 sites were less than 70 years old and most likely established following clearcutting, 
while the 90 year old mature stand at the remaining locale could have resulted from either early 
logging or wildfire. Stand structure and vegetative composition were studied at eight of our nine 
locales by Bailey et al. [21] and Bailey and Tappeiner [22]. 
Climatic regimes and elevation ranges are shown in Table 1. Mean annual precipitation (MAP) and 
mean annual temperature (MAT) were obtained as 1961–1990 averages from ClimateWNA   
Version 4.60 [30,31]. Climatic data were determined individually for each old-growth stand and for 
each thinned-unthinned pair. Of the three regions, the Siskiyous are the driest, while Coast Range sites 
average the wettest but overlap considerably with sites in the Cascades. Temperature regimes are 
similar in the three regions. Coast Range sites are lowest in elevation. Soils typical of our sites in the 
Cascades are moderately deep and well drained stony, cobbly, or gravelly loams formed in material 
weathered from basic igneous rock with varying amounts of volcanic ash [32]. Coast Range soils are 
moderately deep and well-drained loams, gravely loams, and silt loams formed from either sandstones 
(two sites) or basic igneous rock (one site) [32]. In the Siskiyous, landscape positions typical of our 
sites have moderately deep and well-drained silt loam soils formed in colluvium derived from altered 
sedimentary and volcanic rock [33]. 
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Table 1. Mean and ranges of mean annual precipitation (MAP), mean annual temperature 
(MAT), mean temperature of warmest month (MTWM), mean temperature of coldest 
month (MTCM), and elevation ranges for sampled sites, by region. Climatic data are 
means for 1961–1990 [30,31].  
Region  MAP (mm)  MAT (°C) MTWM  (°C) MTCM  (°C) Elevation  (m)
Cascades  1714 (1379–2261)  9.6 (7.6–10.4)  17.6 (15.8–18.3) 3.0 (0.8–4.0)  682–1111 
Coast Range  2269 (1881–3367)  10.7 (9.0–11.3) 18.3 (16.0–19.3) 4.4 (3.4–4.9)  263–546 
Siskiyous  869 (686–1159)  10.1 (8.5–10.8) 19.4 (17.6–20.2) 2.4 (0.9–3.5)  780–1032 
Sampling began on 12 June 1994, and was conducted sequentially according to regional MAP, i.e., the 
Siskyous (the driest region) were sampled first, followed by the Cascades, and finally the Coast Range. 
Each triad was sampled over a three day period, one stand type per day. Stand types at a given site were 
sampled in random order. Samples from each site were returned to the lab and processed before the next 
site was sampled. Each region was sampled and samples processed over a three to four week period.  
Soil organic matter (SOM), soil moisture, anaerobically mineralizable nitrogen, and denitrification 
potential were determined from 40 to 50 samples in each stand, excepting 2 stands in the Siskiyou 
Mountains where there were 13 and 25 samples. Samples were arrayed every 5 m along either one or 
two transects whose termini were at least 30 m from the stand edge. After measuring its depth, the 
forest floor was scraped away and mineral soil samples extracted to 10 cm depth, taking care to 
maintain an equal sample area throughout the depth. No visible decaying logs were sampled. Soils 
were stored at 15 °C until analyses, which were initiated within 16 h of their receipt in the laboratory. 
After sieving through a 2 mm sieve and oven drying at 100 °C, SOM was measured by loss-on-ignition at 
550 °C for 6 h. Moisture content was determined by difference following oven drying at 100 °C. Soil bulk 
density (BD) was calculated on eight by ten cm cores collected every 10 m along the same transects used 
for SOM samples, yielding 22 to 26 samples per stand. SOM percent was multiplied by BD to yield 
SOM content. 
We measured mineralizable nitrogen anaerobically [34], a measure of labile nitrogen that largely 
reflects microbial biomass [35]. Ten g of field-moist soil was added to 53 mL of distilled water in a  
20 mm × 125 mm screw cap test tube and incubated at 40 °C. After 7 days, 53 mL of 4 M KCl was 
added to the slurry, NH4
+ concentration determined with an ammonium electrode, and mineralization 
calculated from the difference between initial and final NH4
+ concentrations. Denitrification potential 
was measured by the method of Groffman and Tiedje [36] as modified by Griffiths et al. [37]. Each 
reaction vessel (25 mL Erlenmeyer flask) contained 5 g of field-moist soil particles <2 mm. Flasks 
were sealed with rubber serum bottle stoppers and purged with Ar to displace O2 in the headspace gas. 
After purging, 2 mL of a 1 mM solution of glucose and NO3
− was added to each flask. Flasks were 
preincubated at 25 °C for 1 h. This preincubation period was used because previous time-series 
experiments showed a lag in N2O production during this period, followed by linear N2O production 
rates during the following 2–4 h (unpublished data). After preincubation, 0.5 mL of headspace gas was 
removed from the reaction vessel and injected into a gas chromatograph (GC) fitted with an electron 
capture detector (Hewlett-Packard model 5890 GC, connected to a Hewlett-Packard model 3396 
integrator; Hewlett Packard, Palo Alto, CA, USA). The integrator was calibrated by the external 
calibration method with known gas standards. The stainless steel column (2 m × 3 mm) was packed with Diversity 2012, 4    
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Poropak-N. The carrier was oxygen-free N. Oven temperature was 55 °C; injection temperature was  
125 °C. A second headspace N2O analysis was made after an additional 2 h incubation at 25 °C. The net 
N2O released over these 2 h was used to estimate N2O production rates. Denitrification potential 
measures the presence of denitrifying organisms, which has been found to correlate positively with soil 
nitrate levels [14]. 
We used three techniques to sample arthropods [38,39]. Macrofauna (e.g., millipedes, beetles, camel 
crickets, and ants) were sampled in twenty-five pitfall traps set 10 m apart at each site. A 1100 mL 
container was buried with its rim level with the soil surface, and a cup containing 25 mL of 50% 
diluted ethylene glycol placed at the bottom. A metal funnel connected the rim of the larger container 
with the cup. Traps were installed in late Spring and samples collected three weeks later. Soil 
mesofauna (e.g., Acari and Collembola) were measured in twenty-five soil samples spaced 10 m apart 
in each stand, using the same technique as described above for SOM. Soil cores were placed in sealed 
plastic bags and stored at 2–5 °C until heat extraction using Tullgren funnels. Mesofauna associated 
with litter (e.g., Acari, Collembola, small insects) were determined from ten samples per stand spaced 
25 m apart. A 25 cm × 25 cm 3-sided square corer was inserted through the litter layer and driven by a 
hammer into the mineral soil to a depth of 2.5–3.0 cm. The litter layer and topsoil were removed with a 
hand trowel from the open side of the corer, and a square metal shovel with a diameter just exceeding 
the corer was inserted under the sample and the sample then removed to a plastic ziplock baggie. 
Within this sample the depth of the litter layer and topsoil/humus was somewhat variable. However in 
all cases all of the litter (highly variable volume) was removed together with approximately 1719 cm
3 
of humus/topsoil. Arthropods were extracted using a Tullgren funnel. 
Statistical analyses were done with Systat [40]. Univariate differences among stand types were 
analyzed by ANCOVA using a random effects model, i.e., Standtype X Region as the error term. 
Mean annual precipitation and mean annual temperature were included as covariates. Normality of 
variables and residuals were assessed using the Shapiro-Wilk and Anderson-Darling tests and data 
transformed as necessary. In most cases log transformations normalized data and residuals (exceptions 
discussed below). We also transformed percent SOM using arcsin square root, however residuals were 
not normal and analyses were done using the log transformed data. Tukey’s honestly significant 
difference (HSD) was used to assess probabilities of difference between stand types and regions. 
Additionally, we examined multivariate differences among stand types using MANCOVA, again with 
mean annual precipitation and mean annual temperature as covariates. Differing combinations of 
variables were explored and the best set determined using Hotelling-Lawley’s trace for stand type 
differences [40], which was also used for multivariate pairwise comparisons of stand types. Multivariate 
normality was assessed using Mardia’s Skewness, Mardia’s Kurtosis, and the Henze Zirkler test [40]. 
Relationships among variables were analyzed with regression. Within-stand distributions of SOM were 
tested against either normal, lognormal, or Pareto distributions using the chi-squared statistic. 
A few variables were not distributed normally or lognormally in all stand types, the deviations 
occurring in either thinned or unthinned mature stands and usually because of heavy left tails. Soil 
organic matter and soil moisture were distributed log-normally for OG and thinned mature stands, but 
not for unthinned mature. Numbers of individuals of all arthropod groups were log-normally distributed 
among OG, but in mature stands soil numbers were not distributed normally or log-normally in thinned 
mature stands and soil species were not distributed normally or log-normally in unthinned mature Diversity 2012, 4    
 
340
stands, departures that were due to heavy left tails. ANOVA is robust to these violations so long as the 
sample sizes are equal [41], which in our data include all variables except numbers of soil and litter 
arthropods. To account for this, we dropped locales with uneven sample sizes from the analyses of 
those two arthropod groups. 
3. Results 
3.1. Univariate Analyses 
3.1.1. Mineral Soil Organic Matter and Forest Floor 
Percent organic matter in the top 10 cm of mineral soil (SOM) averaged highest in old growth 
forests (OG; 23.0%), lowest in unthinned mature (17.4%), and intermediate in thinned mature (19.1%) 
(Figure 1a), with OG differing from unthinned mature at P = 0.009 and from thinned mature at P = 0.035 
(Table 2). The difference between OG and thinned mature stands was driven by a single triad in the 
Cascades (Marten Ridge) in which the old growth soil had an exceptionally high percentage of organic 
matter (48%). In analysis without Marten Ridge, OG and thinned mature did not differ (19.8% vs. 18.6%, 
P = 0.18), while the probability of difference between OG and unthinned mature was diminished but 
still remained relatively high (P = 0.024; unthinned mature mean = 16.9%). SOM content averaged 
higher in old growth but did not differ significantly among stand types (P = 0.675, Figure 1b). That 
percent SOM differs among stand types while SOM content does not is due to a relatively strong 
negative relationship between percent SOM and bulk density (Table 3), which resulted in SOM 
content leveling off and even declining at high SOM concentrations. 
Figure 1. (a) Percent soil organic matter in top 10 cm of mineral soil, by stand type; (b) Soil 
organic matter content in top 10 cm of mineral soil, by stand type. Bars = standard errors. 
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Table 2. Summary of ANCOVA results. df = 2, 4 in all cases. SOM = soil organic matter; 
AMN = anaerobic mineralizable nitrogen; MR = Marten Ridge Site; TC = Taylor Creek site. 
Response Variable  Factor  F  P 
SOM %  Stand Types  17.7  0.01 
SOM %  Stand Types w/o MR  10.0  0.03 
SOM (g/cm
3) Stand  Types  1.2  0.38 
Soil Moisture (%)  Stand Types  15.7  0.01 
Soil Moisture (%)  Stand Types w/o MR  7.2  0.05 
Soil Moisture (g/cm
3) Stand  Types  9.5  0.03 
Soil Moisture (g/cm
3)  Stand Types w/o MR  5.0  0.08 
AMN Stand  Types  1.6  0.31 
AMN  Stand Types w/o TC  16.5  0.01  
Epigeic Macrofauna Richness  Stand Types  9.8  0.03 
Regional differences were highly significant, due solely to the Siskiyous, which averaged slightly 
over one-half the SOM percent and three-quarters the SOM content as the more northerly regions (the 
latter two not differing from one another). Across all sites and stand types, the best regression model 
explained 58% of the variation in SOM percent and included forest floor depth (P = 0.000, positive) 
and elevation (Table 3). Forest floor depth and elevation were not correlated. Mean annual temperature 
was a significant factor only in the Coast Range, where it correlated strongly and negatively with SOM 
percent (Table 3). Stand types differed in the strength of the relationship between SOM percent and 
forest floor depth. In OG and thinned mature stands, only forest floor depth was selected in step wise 
models, but it explained considerably less of the variance in the SOM percent of OG than it did for that 
of thinned mature (R
2 = 41% and 79%, respectively; Table 3). In unthinned mature stands, forest floor 
depth was also the most significant independent variable, explaining 56% of the variation, but in 
contrast to the other stand types elevation was a significant factor, increasing the model R
2 to 0.74. 
The mean depth of forest floor was higher in OG than in unthinned or thinned mature stands   
(47 mm vs. 39 mm and 35 mm, respectively), however differences were not statistically significant  
(P for stand type differences in ANCOVA = 0.25). As was the case with SOM and forest floor, stand 
types differed appreciably in the relation between forest floor depth and climatic variables (mean 
annual precipitation and mean annual temperature) as proxies for potential site productivity [42]. For 
OG, there was no relation (R
2 = 0.12) and for thinned mature stands there was a weak relationship with 
mean annual precipitation (R
2 = 0.32, P  = 0.11) and none with mean annual temperature. Only 
unthinned mature stands produced a significant model, and that only with mean annual precipitation 
(Table 3). Regionally, forest floor was significantly deeper in the more mesic regions than in the 
Siskiyous, averaging 51, 44, and 26 mm in the Cascades, Coast Range, and Siskiyous, respectively. Not 
surprisingly, regional differences were significantly related to climate. In ANCOVA with mean annual 
precipitation and mean annual temperature as covariates the three regions did not differ significantly. 
Mean annual precipitation was the principle climatic influence, explaining 25% of the variation   
(P = 0.008, F = 8.45, df = 1, 25). Mean annual temperature had essentially no influence, but unlike 
precipitation varied little among the regions. 
 Diversity 2012, 4    
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Table 3. Summary of significant regression models for soil organic matter (SOM), bulk 
density (BD), forest floor depth (FF), soil moisture, anaerobic mineralizable nitrogen (AMN), 
and denitrification potential (DP). OG = old growth; TM = thinned mature; UM = unthinned 
mature; MAP= mean annual precipitation; MAT = mean annual temperature; TCM = Taylor 
Creek mature stands. 
Dependent Variable  Data Base 
Independent Variable(s)  
(sign of coefficient) 
R
2 F  df  P 
Log [SOM (%)]  All  Log [FF] (+)  
Log [elevation] (−) 
0.58 16.2  2,  24 0.000
SOM (%)  Coast Range  MAT (−) 0.82  34.0  1,  7  0.001
Log [SOM (%)]  All OG  Log [FF] (+)  0.41  4.92  1, 7  0.062
Log [SOM (%)]  All TM  Log [FF ](+)  0.79  27.0  1, 7  0.001
Log [SOM (%)]  All UM  Log [FF] (+)  
Log [elevation] (−) 
0.74 8.64  2,  6  0.017
BD  All  SOM % (−) 0.59  36.3  1,  25 0.000
Log [FF]  All UM  Log [MAP] (+)  0.62  11.2  1, 7  0.012
Log [Soil Moisture(%)]  All  Log [SOM(%)] (+)  0.89  194.0  1, 25 0.000
Soil Moisture (g/cm
3)  All  SOM (%)  0.80  102.0  1, 25 0.000
AMN  w/o TCM  soil moisture (g/cm
3)(+) MAP (−) 0.41  7.69  2,  22 0.003
Log [DP]  TM  Log [AMN] (+) 
Log [soil moisture (g/cm
3)] (+) 
0.61 4.7  2,  6  0.06 
Log [DP]  UM  Log [AMN] (+)  0.49  6.7  1, 7  0.04 
Log [DP}  OG  Log [soil mesofauna (abundance)] (−)
Log [soil moisture (g/cm
3)] (+) 
0.94 33.5  2,  4  0.003
3.1.2. Among and within Stand Distribution of Soil Organic Matter 
The structure of among-stand heterogeneity in percent soil organic matter differed strikingly 
between the Siskiyous and the more northerly regions (Figure 2). The three OG stands in the Cascades 
varied widely among themselves (CV = 0.68), while those in the Siskiyous were highly uniform   
(CV = 0.06) and those in the Coast Range intermediate (CV = 0.29). In contrast, mature stands in the 
Siskiyou’s were more variable that in the other regions (Figure 2). Consequently, when compared to 
the OG within their respective regions, mature stands were relatively uniform in the Cascades and 
Coast Range but more diverse in the Siskiyous.  
Within stands, percent SOM had heavy-tailed distributions (either Pareto or lognormal) in all but 
two OG stands, one of which had a normal and the other—the aforementioned Marten Ridge—a 
distinct U-shaped distribution. Percent SOM was heavy-tailed (lognormal) in six unthinned mature 
stands and distributed normally in three, while in thinned mature stands that ratio was reversed, with 
normal distributions characterizing six of the nine stands and heavy-tails the other three. 
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Figure 2. Box plot of percent soil organic matter (SOM) in the top 10 cm of mineral soil, 
by region and stand type. The center vertical line in each box = the median. The length of 
each box shows the range in which 50% of the values fall, with the upper and lower edges 
(“hinges”) marking the first and third quartiles. The whiskers extending from the hinges 
show the range of values that fall within 1.5× the interquartile range (IQR), where IQR = the 
absolute difference between the first and third quartiles [40]. 
 
3.1.3. Soil Moisture 
Old growth forests (OG) averaged significantly greater soil moisture percent (46%) and content 
(242 g/cm
3) than either unthinned mature (23%, P = 0.015; 167 g/cm
3, P = 0.05) or thinned mature 
(25%, P = 0.022; 164 g/cm
3, P = 0.04) (Table 2). However, the pattern was similar to that with soil 
organic matter, results being strongly influenced by the exceptionally high percent organic matter and 
moisture in the Marten Ridge old growth soil In ANCOVA without the Marten Ridge triad, percent 
moisture in old growth soils differed from that of unthinned mature at P = 0.04 and from that of thinned 
mature at P = 0.07 (Table 2). Without Marten Ridge, moisture content of old growth soils averaged 35% 
to 41% higher than that of mature stands but differences were not significant at alpha = 0.05   
(P = 0.11 and 0.10 for OG vs. unthinned and thinned mature, respectively). While there were no 
significant Standtype X Region interactions in ANCOVA, mean differences in soil moisture among 
stand types were most dramatic in the Siskiyous, the driest region in our study, where both percent soil 
moisture and moisture content were approximately three times greater in old growth than in mature 
stands (Figure 3).  
The relation between percent soil moisture and percent soil organic matter followed a power law 
{(SOM %) 
2.1} (Table 3, Figure 4a). Excluding the extreme values from the Marten Ridge old growth, 
percent soil moisture was related linearly to percent soil organic matter (Table 3). The relation between 
soil moisture content and percent soil organic matter followed a similar pattern but was linear with or 
without the Marten Ridge old growth (Table 3, Figure 4b). Although the Siskiyous, Cascades, and 
Coast Ranges were sampled at progressively later dates in the summer, when surface soils would be 
expected to be progressively drying, there was no significant regional pattern in the residuals from 
regressions of either percent moisture or moisture content against SOM. 
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Figure 3. Percent soil moisture in the top 10 cm of mineral soil, by stand type and region. 
CA = Cascades; CO = Coast Range; SO = Siskiyous; Bars = standard errors. 
 
Figure 4. ( a) The relationship between percent soil organic matter and percent soil 
moisture in the top 10 cm of mineral soil; (b) The relationship between percent soil organic 
matter and soil moisture content in the top 10 cm of mineral soil. 
(a) (b) 
High correlation between percent soil organic matter and percent soil moisture held within regions 
as well as for the entire data set, being strongest in the Cascade and Coast Ranges (R
2 = 0.99,   
P = 0.000 and R
2 = 0.84, P = 0.001, respectively) and weakest in the Siskiyous (R
2 = 0.46, P = 0.044). 
The relationship was linear in the Coast Range and followed a power law in the Siskiyous and 
Cascades (exponents = 1.8 and 1.9, respectively). 
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3.1.4. Nitrogen 
Anaerobically mineralizable nitrogen (AMN) did not differ among stand types when using the full 
data set, however that was due to a single site in the Siskiyous (Thompson Creek) in which both 
mature stands but not the old growth had exceptionally high levels. In ANCOVA without that site, OG 
had significantly higher mineralizable nitrogen than either mature stand (P = 0.015 for unthinned and 
0.018 for thinned) (Table 2, Figure 5a). Because anaerobically mineralizable nitrogen largely reflects 
microbial biomass [18], we tested the hypothesis that differences between OG and mature stands were 
influenced by higher quality soil organic matter (SOM) in the former, a phenomenon seen in other 
studies (see discussion). We used two approaches, regression of AMN vs. SOM by stand type and 
ANCOVA of the ratio AMN/SOM. Neither was satisfactory. Regression was statistically insignificant 
in all stand types, as was ANCOVA for stand type differences (P = 0.66). In summary, we could 
demonstrate no difference among stand types in the quality of soil organic matter, however our 
methods may not have been sensitive enough to detect differences. 
Figure 5. (a) Anaerobic mineralizable nitrogen (AMN) by regions and stand types within 
regions. One outlying triad in the Siskiyous is excluded. CA = Cascades, CO = Coast 
Range, SO = Siskiyous. Bars = standard errors; (b) The relationship between anaerobic 
mineralizable nitrogen (AMN) and percent soil organic matter (all sites included). 
(a) (b) 
In a stepwise model (not including the two outlying Thompson Creek stands), 41% of the variation 
in anaerobically mineralizable nitrogen was explained by soil moisture content (P = 0.001) and mean 
annual precipitation (P = 0.056), the latter entering the model with a negative coefficient (Table 3). 
The negative effect of mean annual precipitation could reflect declining microbial activity as the 
summer progressed (regions with higher precipitation being sampled later in the season), however 
there was no regional pattern in the residuals from a model that included only soil moisture. The 
relation of AMN with soil organic matter (SOM) is shown in Figure 5a. Ignoring the two outlying sites 
from the Siskiyous (upper left in the graph). AMN increased with SOM up to 20%–25% SOM, then 
leveled off. 
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Mean denitrification potential did not differ among stand types (P = 0.25), however the correlation 
between denitrification potential and other variables did. In mature stands, denitrification potential 
correlated most strongly with anaerobic mineralizable nitrogen, and by extension microbial biomass 
(Table 3). In OG, stepwise regression yielded a much stronger model with soil moisture content and 
abundance of soil mesofauna as independent variables, the latter entering the model with a negative 
coefficient (Table 3). The stronger role of soil mesofauna in OG is unlikely to be due to differing 
ranges among the stand types, as both mature types had a greater range of soil mesofauna than OG (see 
Section 3.1.5.3). 
3.1.5. Arthropods 
3.1.5.1. Epigeic Macrofauna 
A total of 254 species in 24 Orders were captured in pitfall traps. Beetles (Coleoptera) were by far 
the most abundant, accounting for 40% of species and 44% of individuals. Spiders (Araneae) 
composed an additional 20% of species and 13% of individuals. Millpedes (Diplopoda), ants 
(Hymenoptera), and slugs (Mollusca) were also well represented. Thinned mature stands had 
significantly greater richness than either unthinned mature (P = 0.043) or old growth (P = 0.027), the 
latter two not differing from one another (P = 0.831) (Table 2, Figure 6), however stand types did not 
differ in total numbers of individuals (P = 0.43). 
Across all stands, species richness correlated negatively with depth of the forest floor (Table 4), the 
number of species declining by an average of 3 for every 10 mm increase in forest floor depth. 
Numbers of individuals followed a similar pattern but less strongly and with a logarithmic decline rather 
than linear. The negative correlation between depth of the forest floor and epigeic macrofauna may be an 
artifact of higher mobility (hence greater probability of falling into a trap) in thinner litter layers. 
Figure 6. Species richness of epigeic macrofauna, by region and stand type.   
CA = Cascades; CO = Coast Range; SO = Siskiyous; Bars = standard errors. 
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Table 4. Significant regression models for arthropods. FF = forest floor depth; MAP = mean 
annual precipitation; MROG = Marten Ridge old growth. Data for FF and soil mesofauna 
was collected on only 25 stands. 
Dependent Variable  Data Base 
Independent Variable (s)  
(sign of coefficient) 
R
2 F  df  P 
Epigeic macrofauna: Richness  All  FF (−)  0.34 13.04 1,  25 0.001
Log [Epigeic macrofauna:  
Abundance] 
All  Log [FF] (−) 0.20  6.27  1,  25 0.019
Log [FF mesofauna richness]  25 stands 
Log [FF] (+) 
Log [SOM%] (+) 
0.75 28.6  2,  19 0.000
FF mesofauna abundance  25stands 
Soil moisture (%) (+) 
MAP (+) 
0.73 25.6  2,  19 0.000
Log [soil mesofauna richness]   25 stands  Log [soil moisture (g/cm
3)] (+) 0.50  19.1  1, 21 0.000
Log [soil mesofauna richness]  w/o MR OG Log [SOM (%)] (+)  0.65  36.1  1, 20 0.000. 
3.1.5.2. Forest Floor Mesofauna 
Two-hundred-forty-two species in 29 Orders were collected from forest floors. Fungivores in the 
Orders Collembola and Oribatida accounted for 87% of individuals, most of those oribatid mites 
(83%). However, although making up only 1% of total numbers (but much more in total mass), beetles 
(Coleoptera) were quite species rich, composing 21% of total forest floor species. Oribatida accounted 
for an additional 30% of species, while Collembola were relatively homogeneous at 6% of species. 
The abundance of forest floor arthropods did not differ by either region or stand type (F = 0.17 and 
0.94 for region and stand type, respectively, df = 2, 4). However interaction between stand types and 
region was significant for richness (F = 4.6, df = 4, 11, P = 0.02), which differed among stand types only 
in the Siskiyous, where mature stands were species poor compared to OG (Figure 7a). Including all stand 
types, the Siskiyous averaged 50% and 57% of the species in the Cascades and Coast Range, respectively. 
The abundance of forest floor arthropods correlated strongly and positively with percent soil moisture 
(P = 0.000) and mean annual precipitation (P = 0.002) (Table 4). Whereas abundance responded strongly 
to measures of moisture, richness was primarily influenced by depth of the forest floor and percent soil 
organic matter (Table 4). Species richness increased linearly up to slightly over 100 species at 
approximately 50 mm forest floor depth, then plateaued or dropped off somewhat (Figure 7b). The 
plateau in species richness corresponded to approximately 25% soil organic matter (Figure 7c). 
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Figure 7. (a) Species richness of forest floor mesofauna. CA = Cascades; CO = Coast 
Range; SO = Siskiyous; Bars = standard errors. One site in the Cascades and one site in the 
Siskiyous are not represented (incomplete data); (b) Species richness of forest floor 
mesofauna as related to forest floor depth; (c) Species richness of forest floor mesofauna as 
related to percent soil organic matter. 
 
(a) 
(b)  (c) 
3.1.5.3. Soil Mesofauna 
One-hundred-seventy-six species in 23 Orders were collected from soils. The aggregate community 
structure was much like that of forest floor mesoarthropods, dominated numerically by Oribatida (87% 
of individuals), with Collembola making up an additional 10%. Also as with forest floor arthropods, 
the most species-rich groups were Oribatida (66 species) and Coleoptera (32 species). In fact, the 
species richness of soil and forest floor mesofauna were closely correlated (R
2 = 0.57, P = 0.000) but 
numbers of individuals were not (R
2 = 0.15, P = 0.11). 
Abundance of soil mesofauna correlated strongly with species richness (R
2 = 0.96, P = 0.000,   
log-log). As relationships with other variables were essentially identical for the two we discuss results 
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only for the latter. The pattern of soil mesofauna richness was much like that of forest floor mesofauna, 
mean differences among stand types differing only in the Siskiyous (Figure 8a).  
Figure 8. (a) Species richness of soil mesofauna by region and stand type (complete data 
for only one site in the Coast Range). CA = Cascades; CO = Coast Range; SO = Siskiyous; 
Bars = Standard Errors; (b) Species richness of soil mesofauna as related to percent soil 
organic matter. 
(a) (b) 
However, the data set was not suited for parametric analysis. Stand types differed significantly in their 
variances, old growth forests having a narrow distribution of species (CV = 0.14) compared to mature 
stands (CV = 0.57 and 0.46 for thinned and unthinned, respectively). Moreover, the data were 
distributed non-normally, with a heavy left tail not amenable to standard transformations. The 
nonparametric Kruskal-Wallis test applied to the Siskiyou stands showed that richness in old growth 
forests differed from that of thinned mature at P = 0.025 and from unthinned mature at P = 0.019 
(Conover-Inman test for pairwise differences). Stand types in the other regions did not differ by the 
Kruskal-Wallis test. Stand types differed in the range of soil mesofauna. In contrast to soil organic 
matter, OG forests were the most uniform, with species numbers varying from 44 to 67, while unthinned 
mature varied from 5 to 72 and thinned mature stands from 9 to 89. 
Fifty percent of the variation in species richness was explained by soil moisture content and a 
nearly equal amount (48%) by percent soil organic matter (Table 4; Figure 8b). Those models were 
strongly influenced by the previously mentioned Marten Ridge old growth forest in the Cascades with 
exceptionally high soil organic matter and soil moisture but only moderate richness of soil mesofauna. 
In log-log regression without that stand, percent soil organic matter became the best predictor, 
explaining 65% of the variation in species richness (Table 4). 
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3.2. Multivariate Analysis of Variance 
3.2.1. With Soil Mesofauna 
Two sites in the Coast Range had either no or incomplete data on soil mesofauna, so analyses in 
this section include only seven of the nine sites. The best multivariate model included anaerobic 
mineralizable nitrogen and richness and abundance of soil mesofauna (Table 5, Model 1), with old 
growth differing from both unthinned and thinned mature stands at P = 0.004 and the two mature stand 
types not differing (P = 0.46). All variables had the highest mean values in old growth. 
Table 5. Significant multivariate models of stand type differences. AMN = anaerobic 
mineralizable nitrogen; FF = forest floor; H-L Trace = Hotelling-Lawley Trace. 
Models H-L  Trace F  df  OG  vs. TM OG vs. UM  UM vs. TM
With Soil Mesofauna (7 sites) Model 1  0.019  3.79 6, 14 0.004  0.004  0.460 
Without Soil Mesofauna, with 
FF mesofauna (7 sites) 
Model 2  0.010  4.42 6, 14 0.0012  0.010  0.626 
Model 3  0.047  2.90 8, 12 0.006  0.029  0.710 
Without soil or FF mesofauna 
(9 sites) 
Model 4  0.012  4.1 4, 28 0.009  0.048  0.076 
Note: Model 1: Log (AMN), Log (Soil Mesofauna: Richness), Log (Soil Mesofauna: Abundance);   
Model 2: Log (AMN), Log (Moisture Content), Log (FF Mesofauna: Richness); Model 3: Log (SOM),   
Log (AMN), Log (Moisture Content), Log (FF Mesofauna: Richness); Model 4: Log (Moisture Content), 
Epigeic Macrofauna: Richness. 
Figure 9 shows Andrews Fourier Plots [43] for model 1, with all regions together and for the 
Siskiyous separate from the two more mesic regions (Coast Range and Cascades). Andrews Fourier 
Plots are a powerful tool for showing clustering in multivariate data sets [40]. Each curve represents 
the Fourier components for an individual stand of the above multivariate data set (standardized). 
Curves for old growth are clearly more clustered than those for the two mature stand types, in the 
regions as a whole and in each region. Relatively loose clustering among mature stands is most 
dramatic in the Siskiyous, but also evident in the more mesic regions. For this particular multivariate 
set, old growth forests across the region were more uniform than mature stands. 
3.2.2. Without Soil Mesofauna, with Forest Floor Mesofauna 
Two sites were not included because of incomplete data for forest floor mesofauna (not the same two 
as with soil mesofauna). The best model on the remaining subset of seven sites included anaerobic 
mineralizable nitrogen, soil moisture content, and richness of forest floor mesofauna (Table 5). Old 
growth differed from both mature stand types (P = 0.012 and 0.010 for thinned and unthinned mature, 
respectively) while the two mature stand types did not differ (P = 0.63). Adding soil organic matter 
reduced the strength but the model retained statistical significance (Model 3, Table 5), old growth 
differing from thinned mature stands at P = 0.006 and from unthinned mature at P = 0.029), while the 
two mature stand types did not differ (P = 0.710).  Diversity 2012, 4    
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Figure 9. Andrews Fourier Plots of multivariate model 1 (Table 5: Log (AMN),   
Log (Soil mesofauna richness, Log (soil mesofauna abundance)). Each curve represents 
one stand. AMN = anaerobic mineralizable nitrogen. (A) All regions; (B) Cascades and 
Coast Ranges; (C) Siskiyous. 
 
Figure 10 shows Andrews Fourier Plots for the data set comprising mineralizable nitrogen, soil 
moisture, and forest floor mesofaunal richness (Model 2, Table 5). The three obviously distinct curves 
represent the stands from a single site in the Coast Range. (There were no soil mesofauna data for the 
old growth forest at that site, so the whole site was excluded from the analyses shown in Figure 9). 
As in the multivariate set containing soil mesofauna (Figure 9), old growth forests tended to be 
more alike than mature forests. However, the curves shown in Figures 9 and 10 were derived from 
overlapping but different sets of sites, and they cannot be directly compared. Nevertheless, greatest 
difference among stand types is again obvious in the Siskiyous. 
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Figure 10. Andrews Fourier Plots of multivariate model 2 (Table 5; Log (AMN),   
Log (moisture content), Log (FF mesofauna richness)). Each curve represents one stand.  
AMN = anaerobic mineralizable nitrogen; FF = forest floor. (A) = All regions;   
(B) = Cascades and Coast ranges; (C) = Siskiyous. The three stands that obviously separate 
from the others in (A) and (B) are all from a single site in the Coast Range. That site was 
not included in Figure 9 (incomplete data). 
 
3.2.3. Without Soil or Forest Floor Mesofauna: All Nine Sites 
The best model with all sites included just two variables, moisture content and richness of epigeic 
macrofauna (Model 4, Table 5). In that model old growth differed from thinned mature at P = 0.009 
and from unthinned mature at P = 0.048, while the two mature stand types differed at P = 0.076. 
Thinned stands averaged the greatest richness of epigeic macrofauna, which as we discussed earlier 
may be an artifact of higher capture rate in thinner forest floors. 
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4. Discussion 
4.1. Differences in Stand Types 
In multivariate analysis, old growth forests were distinguished from mature stands by greater levels 
of soil moisture, anaerobic mineralizable nitrogen (hence microbial biomass), and mesofaunal species 
richness in the upper layer of mineral soil and forest floor (Figure 11). All statistically significant 
multivariate models included richness of one of the arthropod groups (mineral soil, forest floor, or 
epigeal) and either soil moisture or anaerobic mineralizable nitrogen (a measure of microbial biomass), 
or both. We cannot exclude the possibility that both mesofaunal and soil moisture contributions to the 
models were driven by the strong stand-type differences in the Siskiyous. However, Andrews Fourier 
Plots of models containing soil or forest floor mesofauna indicate greater similarity among old growth 
than mature stands across all three regions, which suggests that the Siskiyous are an extreme example 
of a more general pattern. Moreover, there were no significant interactions between stand-type and 
region in multivariate models, indicating that relative rankings of stand types were consistent across 
regions in all models. Finally, whereas the univariate distribution of soil mesofauna was strongly   
left-skewed and not normalizable by standard transformations, the residuals from multivariate models 
containing soil mesofauna were multivariate normal (this was true of all the multivariate models 
shown), which emphasizes that a multivariate model cannot be viewed as an additive sum of its 
individual variables. Nevertheless, it is clear that both moisture and mesofaunal differences between 
old growth and mature stands were manifested most strongly in the Siskiyou Mountains, the most arid 
of the three regions, but also the only region where mature stands were established by wildfires that in 
all likelihood were more intense than the historic norm for that area. We return to this point later in  
the discussion. 
Water and nitrogen are the two most limiting resources in Pacific Northwest forests [44,45], and 
anaerobic mineralizable nitrogen has been correlated with growth response to fertilization in the 
Pacific Northwest [46,47]. Mesofauna, primarily fungivores, are well known to be critical links in the 
nutrient cycle, although studies have found that species richness is more important in low diversity 
than high diversity faunal communities [48]. A relatively high availability of essential resources, and 
of biotic richness that may contribute to that availability, could explain why many OG forests tend to 
remain C sinks despite a buildup of respiratory biomass [49]. Although soil organic matter did not 
enter the strongest models, it played a central role in the set of variables that distinguished stand types 
(Figure 11). Percent soil organic matter explained 80% of the variation in soil moisture content at the 
time of sampling, and soil moisture content, either alone or in conjunction with percent soil organic 
matter, correlated significantly with anaerobic mineralizable nitrogen and both the richness and 
abundance of soil arthropods. 
In a multivariate context, there was no evidence that thinned stands were more similar to old growth 
than unthinned. Analyzed as a single variable, however, the significant difference in percent soil 
organic matter (SOM) between old growth and thinned stands was driven by the exceptionally high 
levels of SOM in the Marten Ridge old growth. Thinning might increase SOM in top layers of mineral 
soil for several reasons. Fine residues from thinning along with fine roots from harvested trees may 
have decayed sufficiently to intermingle with the mineral soil, especially on the more mesic sites, 
where fine branches can decay at rates as high as 0.2 per year [50] and fine roots even faster [51]. Diversity 2012, 4    
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Trees that experience an increase in light have been shown to increase allocation of carbon to roots and 
mycorrhizal fungi [52], which would lead to increased input of dead fine roots and hyphae, and greater 
understory biomass in thinned than unthinned stands [21] would likely include relatively   
shallow-rooted species. In any event, it seems likely that the relatively weak contribution of SOM to 
our multivariate models stemmed in part at least from mean SOM values in thinned stands that were 
intermediate between old growth and unthinned mature, something that was not true for the variables 
that contributed most significantly to the multivariate models. 
Figure 11. Summary of multivariate relationships. Variables that separate old growth from 
mature stands in the most significant multivariate analyses of covariance are denoted in 
white. (Microbial biomass was measured by anaerobic mineralizable nitrogen). Red arrows 
denote statistically significant relationships quantified in this study, Variables in yellow 
with green connecting arrows indicate relationships not measured in this study but well 
established in the literature (except the connection between forest floor mesofauna and 
nutrient cycling, which needs more study). The question mark follows hydraulic lift 
because we do not know how much it may have contributed to soil moisture in this study, 
but evidence suggests it was a factor. 
 
In the meta-analysis by Nave et al. [10] losses of soil organic matter associated with harvest were 
recovered well before the age of forests in our study. In our study, univariate analysis indicated that 
was not the case for unthinned mature stands. Two factors in particular seem likely to have influenced 
our results compared to [10]. First, and most importantly, the difference we found between old growth 
and unthinned mature stands was in percent organic matter; organic matter content did not differ, 
which agrees with the findings of [10]. Second, whereas the meta-analyses included studies that 
sampled varying depths of mineral soil, our sampling was restricted to the surface 10 cm, a layer more Diversity 2012, 4    
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likely to manifest the dynamics of disturbance and recovery, both abiotic and biotic, than samples that 
include deeper layers. We stress that comparing differences among stand types in total soil organic 
matter storage would require comparisons of full soil profiles and was not our objective. 
Our data suggest that at least some aspects of foodwebs differ between old growth and mature 
stands. The high correlation in old growth between the primarily fungivorous soil mesofauna and 
nitrate availability (as measured by denitrification potential), while no such correlation existed in 
mature stands, suggests that fungi are more important in the nitrogen cycle of old growth than in that 
of mature stands. That possibility is supported by evidence from other studies. C and N isotope 
patterns in the forest age gradient studied by Bauhus et al. [53] indicated that fungi became more 
prevalent in soils and litter as forests aged. Similarly, ectomycorrhizal mats are much more common in 
OG than in young forests and, depending on species, significantly affect N cycling [14,54]. 
A second observation that may reflect differences in the organization or activity of foodwebs, this 
time between thinned stands and the other stand types, is the much stronger relationship in the former 
than in the latter between litter and soil organic matter. Depth of the forest floor explained a highly 
significant 77% of the variation in percent soil organic matter of thinned forests, but only slightly more 
than one-third of that in unthinned and old growth forests, which suggests that a higher proportion of 
soil organic matter originated from forest floor in thinned than in the other stand types. There is no 
particular reason to expect that forest floor depth and soil organic matter should be strongly correlated, 
they are connected but also influenced by different factors, and a survey that included boreal, 
temperate, and tropical forests found little relation between aboveground litter inputs and soil organic 
matter [55]. It is unclear why thinned forests in our study would differ in this regard. A study of 
understory plants at the majority of our sites found higher cover and greater richness of herbaceous 
species in thinned stands than in unthinned or old growth [21]. A greater representation of herbaceous 
litter with relatively low lignin concentration would accelerate litter decomposition and perhaps tie soil 
organic matter more closely to inputs from forest floor [56], a dynamic that might also reflect the 
relatively rich epigeic community of thinned stands (assuming the richness is not an artifact). It is also 
possible that synergism among diverse litters would enhance decomposition of all litter types [57]. 
Whatever the mechanisms, thinning has altered the relationship between forest floor and soil organic 
matter on our sites. 
4.2. Soil Water and Extended Sampling 
Our sampling spanned nearly three months during the summer, a period when, in these summer-dry 
systems, soils would be expected to be progressively drying. In regression over the entire data set, 
however, the high correlation between soil organic matter and soil moisture despite substantial 
differences in sampling dates, and the lack of any regional pattern in the residuals, was unexpected. 
Unless water was being replenished, progressive drying throughout the summer should have been 
reflected in a regional pattern of residuals from the organic matter-moisture regression. It is unlikely 
that losses would be replenished through precipitation, as summers are extremely dry in the Pacific 
Northwest [58]. Studies of soil water dynamics in Pacific Northwest forests suggest two plausible 
explanations for this pattern. First, as the summer progresses, trees draw an increasingly larger 
proportion of water from deep soil layers. Warren et al. [59] found that the upper 20 cm of mineral soil 
accounted for at most 20% of total uptake from upper 2m, declining to 4%–6% late in the summer. Diversity 2012, 4    
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Nevertheless, there were undoubtedly some losses from the upper layers over the period spanned by 
our study. Evidence from other studies suggests that at least some losses from upper soil layers were 
replenished by hydraulic redistribution (HR). Brooks et al. [60] found that 28% of the water removed 
from the upper 2 m of soil in late August by a young Douglas-fir plantation was replaced by HR. In 
Warren et al.’s study of three Pacific Northwest forests [59], HR increased as the summer drought 
progressed, eventually reaching approximately 0.15 mm/day
 in the upper 60 cm. There would be 
several advantages to maintaining a relatively high water content in upper soil layers [61,62], some of 
which are illustrated by the close correlation between soil moisture and biotic variables in our study. 
Active microbial and mesofaunal populations, and therefore nutrient cycling processes, would be 
maintained longer into the drought season. Additionally, Warren et al. [59] found that daily water 
uptake from the entire 2 m profile depended strongly on water potential 20 cm, and speculated that fine 
roots in the upper soil regulated water uptake through hydraulic effects on stomatal conductance. 
4.3. Outliers, Stand History, and Biological Legacies 
Our data contained outliers that we hypothesize reflect the legacies of past disturbances. One of the 
three distinct outliers was the Marten Ridge old growth forest, with 48% mean soil organic matter and 
an unusual U-shaped distribution with approximately equal numbers of points were below 20% and 
above 80%. That pattern suggests a past disturbance severe enough to kill a significant number of trees, 
and long enough in the past for those dead trees to be incorporated into mineral soil. More extensive 
sampling of regional forests would be necessary to clarify whether the exceptionally high level of 
SOM in the Marten Ridge old growth is an anomaly of this data set or represents a broader class of 
forests in the region with exceptionally high SOM. 
Various factors might cause islands with a high percent of organic matter within forest soils, but it 
seems reasonable to hypothesize that old, buried logs account not only for patterns in the Marten Ridge 
old growth but for some and perhaps most of the heavy tailed distribution of soil organic matter seen in 
other old growth forests of this study. Logs in advanced stages of decay have a sponge-like ability to 
absorb and retain water [63,64], increasing the probability that they would eventually be incorporated 
into mineral soil rather than being consumed in the next fire. With k values of 0.004 to 0.007 [65], 
Douglas-fir logs persist in soils for at least 700 to 1250 years [66], implying that death rates of old 
trees are comparable to or greater than decay rates of downed logs. Therefore, unless consumed by fire 
before decaying sufficiently to reduce flammability, which is more likely in frequent-fire regions such 
as the Siskiyous than in the more mesic regions, old, decaying logs become a permanent and perhaps 
even increasing presence within the mineral soil matrix of naturally-disturbed Douglas-fir forests, 
persisting as legacies both of disturbances that established stands centuries in the past and of the 
ongoing process of tree death in older stands. Coarse woody debris is a well-known feature of Pacific 
Northwest forests [65], but is most commonly documented on the surface where it is readily observed. 
Anyone who has sampled mineral soils in Pacific Northwest old growth forests can attest to the 
ubiquitous presence of old, highly decayed logs. The tendency of unthinned mature stands to have 
tailed distributions similar to old growth suggests that the initial logging, while reducing percent 
organic matter in surface soils, did not necessarily disrupt the island nature of the soil organic matter 
patterns, while the 2nd logging (thinning) tended to homogenize the island pattern, as evidenced by a 
greater predominance of normal distributions. Either directly or indirectly, thinning has altered the Diversity 2012, 4    
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distribution of soil organic matter in the top layers of mineral soil, which raises the question of whether 
distribution of soil organic matter within a stand influences soil processes in ways not reflected by 
average concentrations. We know of no studies that speak to that. 
The other two distinct outliers in our study were the mature stands at the Thompson Creek site in 
the Siskiyous, which had exceptionally high levels of anaerobic mineralizable nitrogen (AMN) (In 
effect, as with most of our other thinned-unthinned pairs, this was a single stand with both thinned and 
unthinned areas). High levels of AMN might be explained by an extended period of occupation by 
symbiotic N-fixing plants, a hypothesis that could be tested by isotopic analyses. Occupation by 
nitrogen-fixing plants is common in the Pacific Northwest following fire, and mature stands in the 
Siskiyous were established by wildfire. However, that begs the question of why the other fire-established 
stands in the Siskiyous did not also have high levels of mineralizable nitrogen compared to old growth. 
Thompson Creek mature stands also had exceptionally low richness and abundance of soil mesofauna, 
and it is conceivable that low grazing pressure allowed microbial populations to build. The Thompson 
creek mature stands are clearly different, but the reason is unclear and may be lost to history. 
4.4. Landscape Legacies 
Historic patterns of natural disturbances create landscape-level legacies, and these form the basis for 
contrast between the landscape patterns produced by natural and managed regimes. This subject has been 
widely discussed with regard to vegetation patterns and implications for vertebrate habitat, e.g., [67]. Our 
study provides evidence for landscape-level patterns belowground, but the nature of the patterns 
depends on the variable(s) of interest. In the Cascades and Coast Ranges, mean percent soil organic 
matter (SOM) in our study varied widely among old growth, almost certainly reflecting a variable 
pattern of establishment history, hence age and both persistence and accumulation of SOM; perhaps 
also reflecting a variable pattern of low intensity fires that reduced forest floors but killed few or no 
mature trees [68]. In contrast, mature stands of those regions, originating from clear cuts, varied little 
among themselves in percent SOM. On the other hand, the richness and abundance of soil mesofauna 
were more uniform among old growth forest than mature stands, and, as can be seen in Figures 9 and 10, 
OG were more uniform than mature stands in the set of variables that distinguished stand types in 
multivariate analyses. With the exception of soil moisture content, variables contained in the 
significant multivariate sets reached a plateau and did not increase above 20% to 25% SOM, hence 
their high-end variability was constrained compared to the SOM of old growth forests, several of 
which had SOM values well above that range. 
The landscape pattern that characterized the Cascades and Coast Ranges was reversed in the portion 
of the Siskiyous we sampled, where historic wildfires were characterized by frequent, low severity 
burns [68] and old growth forests varied little among themselves in soil organic matter. Frequent, 
gentle fires would consume litter, lower carbon inputs to soil, and, because of their frequency tend to 
homogenize soil organic matter across landscapes by preventing large buildups of dead organic matter 
aboveground. The high diversity among mature stands of the Siskiyous is not possible to relate to 
management, as those stands originated from severe wild fires set by EuroAmercans, an unfortunate 
combination of unnatural and unmanaged, and a situation that may not be uncommon if, as predicted, 
climate change results in more frequent, severe wildfires [69]. 
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4.5. Resilience: Are Mature Stands on a Trajectory Toward Old Growth Conditions? 
In the Siskiyous, the mature stands we studied are well over one-half way to the 175–200 years at 
which forests in the PNW are considered as OG [70] yet they remain quite different. Unless some 
developmental threshold is passed in the next few decades they seem likely to remain different. If 
these stands are indeed on a different trajectory, the reason may lie in the combined effects of stand 
origins from unusually severe wildfires and the relatively harsh environment of the Siskiyous. Mature 
stands in the Cascades and Coast Ranges are younger than mature stands in the Siskiyous and, 
depending on when and how they are harvested , may eventually develop many of the characteristics 
of old growth forest soils. No stand originating from commercial harvest will develop the loading of 
coarse woody debris and consequent soil patterns that characterize old growth forests in the mesic 
regions. However harvesting that retains large green trees in perpetuity will move managed forests in 
that direction [71]. Although thinned stands remained quite different from old growth in a multivariate 
context, they were similar in percent soil organic matter, and that may speed the development of soil 
moisture, microbial biomass, and mesofaunal communities that characterize old growth forests. 
However, in our data only soil water increased monotonically with soil organic matter, other variables 
reaching a plateau well before the maximum SOM values we measured. One of the challenges facing 
ecology is to move beyond carbon storage and better define the relationships between levels of soil 
organic matter and other processes that underpin primary productivity [72]. 
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